Abstract. The sharp burrs produced by plastic deformation during machining of the precision components deteriorates the precision and performance of a machine. Thus, effective removal of the burrs may improve productivity and performance of the machinery. This study was conducted based on the experiment to remove fine burrs produced during machining process using the magnetic abrasive finishing method. The magnetic abrasive finishing using the abrasive feature of an abrasive and the magnetic nature of iron is an abrasive method to brush the burrs with iron powder that has a cohesive power due to the line of induction. The purpose of this study is to remove the burrs at intersecting holes which are difficult to access with tools, using the magnetic abrasive finishing method. Special tool is designed for deburring micro burr at intersecting holes. To find the proper deburring condition, gap distance, rotational speed of inductor, components of powder and effect of coolant are analyzed.
Introduction
The burr formed after plastic deformation is in evitable, which requires deburring. Specially in drilling, the burrs formed inside hole is very difficult to be accessed. For general deburring , there are two methods. First is the physical method which uses deburring tool and brush and second is the special method which uses electrolytic machining, ultrasonic machining and magnetic abrasive finishing (hereafter MAF).
Magnetic abrasive finishing method has been used for finishing surface [1, 2] . This technology also applied efficiently for internal surface finishing of the pipe, which is very difficult by traditional method [3] . Recently MAF is proved as an efficient method for deburring the burr after drilling on exit surface [4, 5] . For the micro burrs which cannot be removed easily, MAF could be used for deburring [6] .
In this study, MAF is applied for deburring at intersenting hole. According to the experimental results, the burr which is produced at intersecting hole is not uniform in a shape and its size varies depending on the inclination angle of exit surface [7] . The magnetic inductor to remove the burr on plane is impossible to be applied for deburring at intersecting hole because it is small and the tool can't approach to the burr. In order to overcome this problem, MI-4 and MI-5 magnetic inductor which are small and simple shaped enough to access to the intersecting hole, has been newly designed and produced.
The magnetic inductor which uses permanent magnet has the weak point that it can't change the magnetic intensity as the electromagnetic one. However we can simplify the facility because it doesn't require extra devices like electric power supply device and it is easy to get access to burr because its size is remarkably small [2] . To determine proper operation condition for efficient deburring, rotational speed, table feed rate, use of coolant and other conditions are changed and the result is analyzed.
Design of magnetic inductor
MI-4 and MI-5 magnetic inductor as shown in Fig.1 are attached to machining center for deburring the burr formed at the crossing hole in Fig.2 . The specimen is designed to simulate the intersecting holes of Φ14 as main hole and Φ 3 as crossing hole. Only half of main hole is used to visualize deburring process and to measure the burr easily. Inductor rotates and transfers to the axial direction of main hole. Ferromagnetic powder is supplied to the inductor to be attached along the magnets, which plays the role as brush.
In MI-4 in Fig.1 (a), 4 permanent magnets are arranged in every 45 degree and the space between them is 0mm. In MI-5, magnets are arranged in every 30 degree and the space between them is 2 mm. It was devised to find more efficient distribution of magnetic field by comparing the magnetic intensity in each inductor with different angle and space. The magnet for this inductor is made of Neodymium which has larger strength than the existing permanent magnet and the greatest BHmax. It is more sensitive to temperature than Sm-Co Magnet; however it can be used because it is less affected by temperature variation in magnetic abrasive finishing process. The magnet used in this inductor has size of 3x3x7mm and generates magnetic intensity of 4000~5000G. 
Experiment and analysis for deburring at intersecting holes
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As specimen for deburring for the burr at intersecting hole, half of the cylinder is machined to include main hole by Φ14 ball end mill and Φ3 cross hole is drilled to the perpendicular direction to main hole as shown in Fig.2 . The half of the cylinder as specimen is provided to make it easy to measure the edge and surface roughness and also is similar situation as the burr formed outside of the intersecting holes. As a result, burrs are formed at the Φ3 cross hole, which will be removed by MAF process. The Fe-Tic powder in this experiment was selected due to its greatest process efficiency in previous work. The grain size of powder is 500~400 μm and the size of abrasive particle is 40-28 μm. [5] . The conditions are described in Table 1 . Fig.3 shows the results of measurement for the burr geometry using the burr measuring system of our laboratory [9] . We can measure and check that burrs are completely removed after deburring. 3D view and arbitrary cross section can be viewed to measure the burr.
(1) Comparison of the performance of the magnetic inductors. The previous research shows that deburring performance changes depending on amount of power [5] . However, we did not measure the amount of powder using a auge to facilitate the supply of powder in magnetic abrasive finishing method. Sufficient powders are supplied by dipping the inductor inside the bottle of powder. Some amount of powder is remained on the inductor by magnetic force when it rotates in the speed of 800 RPM. Due to the centrifugal force some of powder is lost and used only the rest remained by magnetic force on inductor. We processed from 2 strokes to 10 strokes with feed velocity of 50mm/min and RPM 800 in order to compare the capability of the two magnetic inductors, MI-4 and MI-5. Though there is some difference in the size of the initial burrs before deburring, we can find that the burr was completely removed after 10 times of process in MI-5. As shown in Fig.4 , MI-4 magnetiinductor had better efficiency in process, in which it takes 8 strokes for deburring. In MI-5 magnetic inductor, magnetic intensity of edge is same with that of MI-4 about 4000~5000G but it reduces a lot at the space to 1000~1500G between magnets which are separated by 2mm. Therefore its disposition is not continuous and has less efficiency of deburring than MI-4. MI-4 magnetic inductor has magnetic intensity of 4000~5000G and it has better efficiency as there is no space between magnets and its distribution of magnetic force is dense. Therefore the powder is arranged with larger stiffness. The less lost of powder in MI-4 in the speed over 800 RPM than MI-5 comes from the difference of magnetic force.
(2) Determination of rotational speed and feed velocity. We accomplished the experiment with various rotational speed and feed. Other condition for the experiment is same as the previous one. The experimental result showed both magnetic inductors have good process efficiency in low feed velocity and high rotational speed as shown in Fig.5 . However when the speed is over 800~1000RPM, the powders are scattered by the centrifugal force and thus its process efficiency drops. So the higher is the rotational speed of magnetic inductor, the better is the efficiency of removal of burr until powder is dispersed by centrifugal force. Fig .6 shows the shapes of burr before and after deburring. The part of red color is burr and the burr is removed after process. The 
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Precision Surface Finishing and Deburring Technology height of the burr on curved surface is difficult to be measured. The burr on plane in Fig.6 are obtained by Gaussian filtering to remove the effect of the reference surface, which is convenient to measure the burr.
(3) Influence of coolant. As a result of previous work, it was proved that the sufficient supply of coolant can improve the surface roughness. And it was the embedment of the particle of abrasives onto work surface by the generation of heat during MAF process that worsen the surface roughness with less coolant. The abrasives of powder contributes to efficient deburring, but the longer is the time of process , the worse is the surface condition due to the effect of the impurities as the ingredient of TiC penetrates into surface as shown in Fig.7 [6] . However the embedment of impurities is decreased by sufficient coolant and it can prevent the embedment of the impurity, which can improve the surface roughness as in Fig. 8 . Improvement of the surface is dependent on the initial surface roughness and the size of abrasives on the powder. Fine abrasives and the sufficient coolant can guarantee the improvement of roughness. Fig. 9(a) shows an example of deburring by rotating in one direction, while Fig. 9 (b) does an example of deburring by rotating in two directions. If it consistently rotates in one direction for deburring, second deformation occurs since the burr is inclined to one side as shown in Fig. 9(a) , and subsequently the deformed burr becomes difficult to be removed. To remedy this situation, bidirectional revolution is indispensable during the process of deburring. Bidirectional revolution with normal revolution at first stroke and counter-revolution at second strokes prevents the formation of secondary burr, which is effective in deburring as shown in Fig. 9(b) .
(5) Deburring performance according to the change of working gap. From Fig. 10 , we can see that deburring is the most effective when the gap between the sample and the inductor is 1mm, in which the burr was completely removed after processing for 7 minutes, compared with that when the gap is 1.5 mm or 2 mm.
Since a large amount of powder can be entered between the sample and the inductor when processing in 2 mm working gap, deburring turned out to be the most effective during one minute after the start of processing, while processing remarkably slowed down after the burr has become 0.1 mm smaller than the initial in size. Since the smaller the burr is in size, the bigger the gap between the burr and the inductor becomes, the gap gets bigger and the cutting ability of the powder decreases with the pressure inside the working gap when the same amount of powder is used. From the result, it is supposed to be the most effective in processing to start with a gap of 2 mm in the initial processing and adjust the working gap at 1 mm for a complete removal of burrs after deburring for a certain time. The deburring process according to the deburring time is illustrated in Fig.11 including the measurement result at each stage. However when working gap is his means that the proper gap distance must be found carefully in every deburring process with different inductor and powder. Fig.10 , the ability of deburring as the machining time increases is related to life of the powder. We could see that the size of powder particle gets smaller as it is processed. It was long and angular before machining but became round after machining (Fig.12) . The size of powder was about 500~400μm before machining but it became smaller up to 300~250μm after 7-mins machining in Experiment II.
As the abrasives are attached on surface of particle, they are taken off during deburring, which results in the lose of deburring capability. Thus, we need to add more powder during replacing time or process according to the durability of the powder for efficient deburring. For this purpose, the evaluation method was introduced regarding to the performance of powder [8] . (7) Influence of powder. As a result of the previous research [4] , Fe-Tic powder shows a best efficiency in finishing than other powder types (Fig.13) . However the surface roughness becomes worse as mentioned above because the Tic ingredient is embedded into the surface. To improve it, pure Fe powder which does not include any abrasives. The powder size is same as a particular of Fe-TiC which is 500~400μm. (Fig. 14) . 
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As shown in Fig.15 , surface roughness of Fe-Tic powder became even worse than the beginning while surface roughness of Fe power was significantly improved. Therefore, it is crucial to select an adequate abrasive material which shows consistent surface conditions and high efficiency during the machining process. The surface conditions after applying two different powder types are shown in Fig .16 . Before deburring, scratches in one direction by machining are observed and the surface roughness is 0.0037mm.
As a result of deburring with Fe-Tic powder for 7 minutes, the imbedded particle of TiC on surface are observed in Fig.16 (b) , which deteriorates the roughness. However improved surface can be observed when with Fe powder.
Conclusions
For this study, we designed and manufactured a smaller and simple magnetic inductor for easy access for deburring at the intersectional holes and conducted experiments to determine the optimal machining conditions which are appropriate for the inductor.
1. Two inductors are designed for efficient deburring for the burr at intersecting holes which is not accessible easily, which is big head ache at many factories. The magnetic inductor of MI-4 with no intervals between magnets generates even distribution of magnetic field, and loses less powder than MI-5 at 800 RPM and higher rotating speed of the main axis.
2. Deburring process is more efficient at a higher rotating speed, before powder gets scattered by the centrifugal force. Lower feed velocity guarantees the longer deburring process, which increase the efficiency. Sufficient coolant improves the surface roughness and the deburring efficiency also. Bi-rotational motion is recommended to prevent the burr to be bent without deburring. 1mm gap distance is recommended.
3. Fe powder with no abrasive ingredients shows less processing efficiency than Fe-Tic, but it is more efficient for the improvement of surface roughness than Fe-Tic due to no penetration of abrasive ingredients into the surface. Sufficient supply of new powder improves the deburring efficiency and the surface roughness. 
